observations. The simplest utilization of the principle is the Beckman pH meter; and any other comparable pieces of apparatus (such as those used by Matthews and Adrian, Harvey and Loomis, and B. V. Hall and Steele) could have been adapted to the recording of the electrical reactions either within the body or in suitable preparations of tissues.
Since, however, it was desired to compare the results of the present investigation directly with those obtained by Rogers'4 " , and by Burr and his collaborators, 8 it was decided to use the type of potentiometer developed by this group, and hereafter known as the Burlanimeter (design by Lane, electrodes and technical adaptation by Nims, application by Burr). It was further decided to have the apparatus built and calibrated by this group, who cooperated wholeheartedly in supervising the installation and the control of the original experiments. Burr employs a General Electric Photoelectric recorder, while we have employed a Micromax. Comparison between the two types of recorder shows that the GE is a quicker acting mechanism, recording more exactly the insignificant variations which are at present without adequate interpretation; the Micromax, in contrast, tends to smooth out the smaller irregularities of variation leaving the larger deviations of greater significance uncomplicated. The two types of recording were checked by observations upon a single animal and the recordings are directly comparable. Because of several precautions which were employed consistently throughout this work and the closeness with which some of these results compare with those of Burr, it may be wise to record some of the technic in detail. While the characteristics of the potentiometer rendered shielding theoretically unnecessary the entire Burlanimeter was enclosed in a grounded screen cage. The Micromax recorder was placed in position outside the cage and connected with the voltmeter by shielded wire conduits. The cage grounded the operator and also shielded the Burlanimeter from any possible stray currents. The recorder was AC operated and by isolating it electrically it was removed as far as possible from influence upon the voltmeter operation. The electrodes (Nims type) were mounted in saline solution with clip leads maintaining contact with the voltmeter while the salt bridge served as a connection with the organism. Two glass pipettes were used at the ends of the tubing containing the salt bridges. One of smaller aperture (2 mm.) was inserted into the vagina while a second one of 4 mm. aperture was placed upon the skin above the symphysis pulbis. The pipettes were so supported by clamps that the mechanical pressure was practically the same for the total duration of the experiment and also for different animals.
Experimental
A. Estrus studies: The first step after the initial standardization of the apparatus was a thorough and complete re-survey of the stages of estrus with regard to variations of electropotential. This served several ends: first, investigation of the constancy of the apparatus; second, verification of the work of Rogers and of that of Burr, Hill, and Allen7 with the present set-up; and finally, the finding of any possible changes in electropotential at times other than those previously studied in the estrous cycle. The animals which were used had been thoroughly standardized and their estrous cycles were known both by examination of the vaginal content and by the appearance of the external genitalia.
To this end we studied 40 animals in estrus. Of these, 22 were taken in the Stage 3 of estrus in order to study the actual ovulation potential changes, while the other 18 were distributed in the remaining stages of the cycle. Since all forty gave consistent readings, only rarely showing even minor changes in the electropotential pattern, these measurements were regarded as an adequate test of the apparatus; and the manipulations so perfected were then applied to the study of Stage 3. The record during the diestrus period was a continuous straight line, as was shown by one particular animal kept under continuous observation and recording for 37 hours. In this experiment some of the minor inequalities of electropotential, occasionally found in other experiments of shorter duration, received probable explanation. A description of this one particular case is, therefore, desirable.
The experiment was begun while the animal was in diestrus. Anesthesia was accomplished by a subcutaneous injection of sodium amytal (a 1.0 mg. per gm. of body weight) followed by 1/1 00 gr. of atropine sulphate. In long-time experiments the use of the latter drug is necessary to retard mucous formation in the immobilized animal. The electropotential was 11 mv. negative at the start of the experiment, rising to 9 mv. negative during the first hour and to 7 (negative) during the third and fourth hours. At this time second injections of amytal and atropine were given, both injections being registered on the record by a sharp peak of 1 to 1.5 mv. Shortly after this the animal was catheterized and the electropotential dropped to S mv. negative where it remained fairly steady for the next 12 hours. At four-hour intervals S cc. of a 10 per cent glucose solution were injected subcutaneously. The record is uneventful for 20 hours except for gradual rises of 1 mv. At 20 hours the line became slightly roughened with small, ascending, sharp steps of about 1 mv. These subsided when the catheter was cleared and the bladder was drained. At 22 hours small irregular peaks of about 3 mv. appeared and at 25 hours one uterine tube was removed and three uncleaved eggs were recovered. The record was continued, but it was subsequently unreliable owing to the weakened condition of the animal. The interesting fact here is that with suitable care the animal can be observed continuously through the critical parts of the estrous cycle. All -of the small-part records later to be discussed fit this record and are compatible with its individual parts, so that the experiment as a whole confirms and to some degree extends those made elsewhere.
The shape of the variation recorded during ovulation has no constancy. It is generally of greater amplitude than that produced by any of the external manipulations. In a two or three hours' study the lesser variations of amplitude in recording are minor in comparison with the surging peaks which occur at ovulation. The sign, whether plus or minus, seems to have no particular relation, for while in our records the initial relation to the base-line is generally negative the curve may peak toward an increase or decrease. These are specific for the animal at one time only; a succeeding record may be regular.
There is no constancy of relationship in the peak amplitude. Ovulations have occurred in the range between 5 and 40 mv. This again is not characteristic of the individual, for at one ovulation a higher value may be found, at another a lower one; the absolute values mean nothing. In a mature animal the ovulation peaks are always greater than are any of the conflicting irregularities which occur under normal conditions.
The number of peaks is a variable and does not-correspond to the number of eggs. In the rat we occasionally have a litter of 20 young, but this is rare; 26 eggs have been recovered from one pair of tubes, but generally the yield is from 12 to 16. In one recorded ovulation there were 128 peaks; from this animal 16 eggs were recovered. As many as 1 50 peaks were secured in other records, but where the number of eggs was not determined. In another experiment in which the female was injected with five male hypophyses subcutaneously, 38 eggs were recovered, while the recorded electropotential variation showed but 16 ovulation peaks.
Once a wave of change has begun, succeeding waves occur, even though the ovaries, tubes, and uterine horns are removed leaving only a small pouch of vagina from which 'the ora uteri have been 238 removed. Such a preparation continues to give the typical so-called ovulation peaks, although these will generally cease earlier than if the organism had been left undisturbed. Changes in electropotential are not proportional to the amount of visible injury; the amytal and atropine injections cause about the same amount of disturbance as does an abdominal incision.
The factors involved in the so-called ovulation peaks are, as
Boling has demonstrated,' initially due to uterine contractions, but once initiated these are continued in other parts of the system. Pseudopeaks of low amplitude may be caused by a factor so unrelaited to ovulation as is a full bladder. These give generally only rough lines, but in animals which may be depleted by long-term recordings these may confuse the picture and be taken for ovulation peaks.
In the rat, then, there is no correlation of sign, amplitude, or number of peaks with other known factors such as egg number, but the presence of peaks definitely indicates that the process of ovulation is occurring.
B. Electropotential changes during critical stages of pregnancy: Twenty animals were used in this group. They were mated in early Stage 3 of estrus; the copulation was observed and timed, and formation of the copulation plug was observed in most cases. Then the animals were anesthetized, placed on a suitable table, and the electrodes were arranged for the recording. After the ovulation records were secured, the animals were re-examined at various times during their pregnancies. The records covered periods of two or three hours, or sometimes longer, particularly in those gestational stages at which it had been expected that variations in the electropotential might be observed. The observations were so arranged that records could be compared with those obtained from animals subjected to daily observations in order to be certain that the anesthetic or other forms of necessary manipulation were not vitiating the records (cf. Harman"2). Care was exercised in the manipulation of the vaginal electrode, although this was not as necessary here as in the estrous animals where pseudopregnancy results from too vigorous stimulation of the vagina and cervix.
The results obtained in this series differ from those presented for the previous series, but this difference is statistical and must be applied to a series rather than to an individual record. Ovulation was found as early as two hours after estrus, as indicated by the electropotential test, and as late as 31 hours in another case. The time of ovulation is more irregular after an estrus uncombined with copulation than when copulation has ensued. The mean of the data from the series of 22 non-copulating animals in Stage 3 showed that ovulation was completed about 16 hours after the first indication of estrus; potential variation characteristic of ovulation was apparent during a five-to six-hour period during this time. When copulation was superimposed upon estrus 90 per cent of the ovulatory phenomena occurred within the eight-hour period succeeding copulation, and in no case was the ovulation peak found after an eight-hour period. Copulation, then, is a factor in regularizing the incidence and time of ovulation and contributes to control a process which otherwise may spread over a comparatively long period.
The records, no matter when taken during pregnancy, had but one factor in common: in no period was there a straight line of the type seen in diestrus, and there was always a noticeable irregular variation in the electropotential readings. This exhibited itself in rises from the base-line (decreased negativity) which might proceed smoothly or with only a few step deviations for a maximum of an hour, and then change into a series of abrupt curves. These were sometimes, although seldom, regular; they usually formed a series of sharp peaks.
The records for the same animal on successive days were different. Again the amplitude of the curves was of no significance. If the changes in the electropotential readings are an index of motility of the uterine horns during pregnancy the longest period of rest which has been recorded was approximately one hour and this was encountered but once in the entire series. Usually the quiescent periods lasted for -only a few minutes, and changes of from 10 to 15 mv. sometimes occurred each minute with also a change of the baseline, generally toward the positive side. Since there is no physiological basis known for the resting period with which one can compare the various deviations which occur irregularly, there is no method for determining the appropriate correlation of the electropotential changes.
A few of the records are shown here in which the stage of the embryo is known and superimposed upon the record. The results do not coincide with any a priori expectation. The first day of development, which in these cases corresponds to the time of fertilization, is characterized by the only positive sign which occurs in the entire series of observations; it is hard to see why this stage should be so strikingly marked. We know that the electropotential is correlated with muscular contractions within the uterine apparatus, and therefore we would expect that on the second day when the uterine horns from this region is a physiological act of great significance, not only to the collected eggs but also to the entire region. Either this does not register on the Burlanimeter, or else there is a corresponding opposing reaction which vitiates its registration.
The fifth day, which marks the beginning stages of implantation, is a critical point in embryonic survival, involving reactions of con-siderable magnitude on the part of the maternal tissues and a smaller scale but equally important series of activities on the part of the embryonic cell-mass which must, during a limited period, secure attachment with the uterine mucosa. During the eighth day the segregation of the mesoderm of the embryo is taking place; the reaction in the maternal tissues is slight and activity may be thought of as confined within the embryonic tissues now becoming insulated from the uterus. The next critical stage, from the embryo's standpoint, is that of its organization (cf. Burr and Bullock6) ; however, the formation of germ-layer components, the initiation of the heart beat, the rapid growth surges, and the mechanical turnings of the embryo-not a single one of these is registered 'by a characteristic and consistent variation in electropotential.
The eleventh day brings the formation of the discoid placenta which, although it is evident before this period, is now becoming functional and is inducing in the maternal tissues the proliferative responses which result in the production of the essential sinusoids; but this change is not reflected in the record of electropotential variations. While the maternal changes are slow, involving tissue reactions only, the next step is one which should by all known tenets be registered in some degree, for it is the neurogenic initiation of fetal movement, resulting in a far greater amount of movement within the uterine horns than occurs in any other structure within the body. From the standpoint of the mother this must represent an internal cataclysm, corresponding in degree to a terrestrial stratographic catastrophe. At this period the uterine horns are distended with' their fetal content, the uterine musculature is stretched over the fetal sacs with a considerable tension so that the fetal sites must themselves be affected whenever movement of the embryo occurs. A terrific reaction within the horns is engendered by the simultaneous movement of from 12 to 14 fetuses acting either in concert or separately, but there is no corresponding fluctuation of the electropotential recording. A like situation obtains at the time of parturition; at this time the activity of the fetus might not be expected to be reflected in the record, but changes of definite significance might be expected in the mother. Records of electropotential obtained at stages just before, during, and after parturition do not significantly differ.
C. Observations upon the electropotentkil variati'ons during the development of sexual maturity in the female: The observations made during pregnancy showed such universal irregularity of the electropotential that it seemed desirable to survey the situation during various phases of the development of sexual maturity. The points in the attainment of estrus prove to be fairly well marked in the records. They extend over a wider range of time than is usually considered and are subject to a considerable variation of an individual nature.
Before considering the electropotential variation it may be well to state the range of variability in the time of maturity of the female rat as seen in our colony. This variability factor must be taken into account in all studies which consider maturity relationships, and if neglected, it may prove a considerable pitfall in evaluating the results of an experiment founded on a basic assumption of uniform time of completed maturity.
In our colony the opening of the vagina usually occurs at the age of 40 to 55 days; in individual cases it takes place as early as 34 days or as late as 64 days after birth. The limits of the range here are widely separated, but in 85 per cent of the cases the time falls into the narrower 40 to 55 day period. Cycles begin irregularly at 65 to 85 days, and they become regularly established at between 90 and 100 days. The animals average 100 to 125 gm. in weight at the time when regular cycles are established and they are considered capable of normal mating. Pregnancies can be obtained as early as 50 days, but in such cases the litter rate is low and there is a large loss of the young. The best results are obtained if mating is deferred until the females have attained a weight of about 150 gm.
Whenever the records showed a possible sequence of variation which was at all similar to previously recorded types the animal was opened and the ovary, ovarian capsule, and the fallopian tube were opened and examined for ova. Three ova were so recovered from one 65 day animal which had shown no sign of estrus by either the smear method or by external examination. Succeeding stages, when examined after a similar situation, showed no ova until the 85-day stage was reached. In this particular individual the cycles were beginning to become regular so that the discovery of ova here must be regarded as a normal coincidence with the establishment of the normal cycle.
Irregularities in both estrus and electropotential measurements have been found as late as 125 days after birth. Pregnancy seems to have some regulating effect upon succeeding estrous cycles. In these early stages before pregnancy the tremendous variations of the electropotential are not a reliable criterion of ovulation, even when the peaks are similar in amplitude and the intervals of the duration of change are comparable to those recorded during estrus at maturity.
Discussion
The results presented above show that the rat displays an almost constantly varying electropotential. This is, as measured on the Burlanimeter, negative in sign with the fluctuations toward positivity. In only a negligible number of instances does the reverse occur. These results confirm and extend those of Rogers,"4 15 Burr, Hill, and Allen,7 and Boling et al. 4' There is in the life span of the rat an initial period of instability as indicated by the fluctuation of the electropotential measurement. This irregularity persists until, correlated with the occurrence of the phenomena of ovulation in their normal sequence, complete regularity of the estrous cycles is established. The electropotential variations during the period of immaturity are frequently greater in amplitude than are those found later in the mature and adult stages. When the estrous cycle is thoroughly established periods of stability appear in the electropotential records. These periods tend to produce a relatively straight line with a fluctuation of only one or two millivolts as contrasted with the 30-to 40-millivolt fluctuations of earlier immature stages. Estrus is, with respect to the electropotential, rhythmically regular, since succeeding estrous periods give records similar to those of the preceding estrous cycle. The diestrous part of the cycle in the rat is characterized by a comparatively straight line, generally nearer the zero or neutral point than the estrous changes themselves. At Stage 1 of estrus the electropotential is recorded generally on the negative side and it usually increases in negativity during Stages I and 2 of the cycle. In late Stage 2 or Stage 3 the base-line of the electropotential is between 15 and 25 millivolts negative and the deflection toward positivity is from 2 to 10 millivolts or more.
The beginning of the electropotential fluctuation is indicated by a deflection which may be of less amplitude than those succeeding; it may occur as an isolated change considerably separated from the next. Once initiated, however, the deflections may occur every one or two minutes or at slightly longer intervals. The recorded deflections are similar in shape for any one individual during any one given ovulation. In succeeding cycles the curve may vary in form, duration and amplitude from that shown in the previous cycle but the individual deflections of one ovulation process are somewhat similar to, although not superimposable upon, other deflections.
The number of electropotential deflections is not related during estrus to the number of ova recoverable from the tubes, nor, in the pregnant animals, to the number of young in the litter. The number of deflections varies widely (5 to 150), and since 150 may occur in a single recording it is evident that there is no possi'ble correlation with the number of ova discharged. So far, in every case in Which the characteristic deflection phenomena have been found during estrus, eggs have been recovered from the capsule or the tubes, or pregnancy has resulted.
When copulation supervenes upon estrus there is greater regularity in the early appearance of the so-called ovulation electropotential phenomena. In estrous animals delays in the appearance of these changes are frequent; sometimes delays may be as much as 30 hours after the initial appearance of Stage 2. In the copulating animals, in contrast, the mean of the ovulation reaction time is around 8 hours. In these, the time required for the completion of ovulation, according to the electropotential measurement, is definitely restricted and long-extended fluctuations cease. To a degree, then, copulation may be regarded as a partial regularizer of ovulation.
How the control of the reaction occurs is not clear; it may be related to the effects of vaginal stimulation, which in this particular form have been recognized for some time. The pseudopregnancy resulting after artificial vaginal stimulation, for instance, is indicative of a rapid sensitization which either does not occur or else is temporarily limited during normal estrus. It may very well be that the reaction to copulation may accelerate the activity of the integral factors responsible for ovulation by directing mobilization and utilization of the general and particular parts of the genital system through increased sensitization of these structures to hormone activity.
The results of the investigation of the pregnancy stages have proved disappointing and even bewildering. If the electropotential record is a manifestation of life processes, a fairly definite sequence of variations in such a record would be expected to appear during pregnancy. We know that physiologically important changes are occurring both in the mother and in the embryo and we also know that their results have a far-reaching significance in both cases. It is amazing that these do not register in the changes of electropotential as recorded by the Burlanimeter. It is perhaps too much to expect an absolute coincidence of electropotential with the sequence of embryonic phenomena, but either an anticipatory or a sequelary type should occur in those physiological reactions which involve both mother and fetus. Yet even so violent a process as parturition gives no characteristic series of potentiometric variations.
The reproductive mechanism, according to the record produced, has reverted to a temporarily unstable state during pregnancy, showing only short and extremely transitory periods of the electropotential stability found in mature (Farris"0) . Since, however, these methods of themselves are statistically significant, they can be used alone or in combination without the complicated manipulation necessary for electropotential measurement. Summnary 1. There is a characteristic series of changes in the electropotential of the rat during ovulation. These changes in the main cannot be confused with other changes ensuing during pregnancy or with changes in the general condition of the animal during observation.
2. The absolute magnitude of change of potential, which may vary from a few millivolts to 30 or 40, is not indicative of the imminence of ovarian discharge nor is it correlated with day-to-day activity within a single animal.
3. The relative change is, however, a guide to the detection of ovulation. The time and the duration of variation are more important for this purpose than is the amplitude of the variation.
4. The reproductive physiology of the rat is to some extent regularized by the copulatory process. This is shown by the narrower limits of time during which ovulation occurred as compared with the wider range in the non-copulating, estrous animals.
S There is no characteristic significant change in the electropotential during pregnancy. All records show that although the entire period is unstable, changes in potential are abrupt and then slope approximately to the base-line during this period, but they cannot be correlated with events in the development of the embryos. Ovulation seems to be the last critical point capable of being detected; after the cyclic pattern is changed from estrus to pregnancy the recurrent stable periods are unpredictable both as to duration and the amplitude of the changes.
6. The presence of the embryo within the uterus is not evidenced except in the general change of pattern from that of estrus. Implantation phenomena do not produce irregularities of greater amplitude or duration than do the preceding and succeeding stages of pregnancy. Initiation of the embryonic heart beat does not register in the maternal electropotential. Neither the initiation of 247 fetal movements nor the events leading to parturition are recorded as characteristic variations of the recorded maternal potential.
7. Electropotential records of immature animals from birth to 70 days of age, in which ovulation is not occurring, display the same range of variation in amplitude as do pregnant animals. After 70 days the estrous cydes tend to occupy regular timed periods. 8 . The diagnostic utility of the electropotential method for rats is limited. In every case in which the characteristic change was found during estrus, ova were recovered, yet in some cases ovulation may be missed due to the low amplitude of the recorded changes. In two animals of the pregnancy series no young were observed.
The method cannot reliably be used by itself to determine adequately the timing of any stage except that of ovulation.
